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Abstract 
Luminescent down-shifting (LDS) as a purely optical approach increases a solar cell’s ultra-violet to blue response by 
shifting short-wavelength light to longer-wavelengths where the external quantum efficiency (EQE) of solar cells is 
higher. We propose a simple, universally applicable, optical model to analyze EQE spectra of solar modules with 
LDS layers using only two parameters. The model is successfully tested on ethylene-vinyl acetate encapsulated Si 
solar cells with CdSe/ZnS nanocrystals as luminescent particles. For a beneficial effect in the investigated system, 
LDS efficiencies (the fraction of photons transmitted into the cell compared to photons absorbed by the LDS layer) of 
more than 0.8 are needed with a maximum possible short-circuit current increase of + 3.4 %. 
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1. Introduction 
Standard screen-printed silicon solar cells suffer from relatively low external quantum efficiencies 
(EQE) in the ultra-violet (UV) to blue spectral region due to high front surface recombination rates, re-
flection and absorption both in the silicon nitride antireflective coating and in the encapsulation material.  
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Fig. 1. (a) Schematic of a solar cell with a luminescent down-shifting (LDS) layer on top; (b) Sketch of the photoluminescence 
process inside the LDS layer: the energy of a blue photon is absorbed by an electron and partly lost due to phonon emission. Subse-
quently, a lower-energy photon is emitted. 
A purely optical approach to increase the short-wavelength response is  luminescent down-shifting  (LDS) 
indicated schematically in Fig. 1: a luminescent material on top of the solar cell absorbs short-λ light 
where the EQE of the solar cell is low and emits longer-λ light where the EQE is higher [1, 2]. Efficiency 
enhancements due to the application of LDS have recently been reported for crystalline Si (c-Si) [3] and 
multi-crystalline Si [4] solar modules. 
The best way to evaluate the LDS effect on the performance of solar modules is to compare the EQE 
spectra with and without LDS layers [3]. To analyze such EQE curves, we derive a simple optical model 
using only two fitting parameters associated with the LDS layer. We apply this model to c-Si solar cells 
with CdSe/ZnS core-shell nanocrystals as the LDS material. 
2. Optical processes and modelling of LDS layers on top of solar cells 
The optical processes occurring in LDS layers [2] are shown in Fig. 2. (a). High-energy light is absorbed 
by the luminescent material and emitted at lower energies reaching the solar cell either directly, or via re-
absorption and re-emission, or via total internal reflection at the LDS layer / air interface, or combinations 
of these pathways (not shown). Lower energy light is transmitted through the LDS layer and reaches the 
solar cell directly as in the case without LDS layer. Losses occur due to reflection, escape of photons 
through the front escape cone and the sides, due to imperfect quantum yields < 1 and absorption in the 
host material. The beneficial effect of down-shifting the solar spectrum to higher EQEs has to compensate 
these losses to increase the overall efficiency of a solar module with an LDS layer. 
Fig. 2. (b) shows the absorbance and photoluminescence spectra of CdSe/ZnS core-shell nanocrys-
tals [5] and the EQE spectrum of an EVA-encapsulated silicon solar cell. The nanocrystals strongly ab 
sorb in the blue region and emit at ~ 640 nm where the EQE reaches its maximum value justifying the 
potential application of CdSe/ZnS nanocrystals as a LDS layer.To calculate the effect of the LDS layer on 
the solar module’s external quantum efficiency, we separate the incoming AM1.5G photon flux density 
into two fractions: the absorbed fraction fabs and the transmitted fraction ftrans. The absorbed fraction will 
be re-emitted by the luminescent particles in the LDS layer at a higher wavelength where the EQE of the 
solar cell is higher, while the transmitted fraction will reach the solar cell as in the case without an LDS 
layer. 
The fraction of the photon flux density absorbed by the LDS layer compared to the incoming AM1.5G 
photon flux density is calculated for each wavelength λ using the Lambert-Beer law: 
fabs (λ , Λabs ) =   φabs (λ) / φAM1.5G (λ)=  1 – exp(- A(λ)
 
⋅ Λabs ) (1) 
where A(λ) is the spectral absorbance and Λabs an absorbance scaling factor which is directly proportional 
to the concentration of luminescent particles inside the LDS layer and the thickness of the LDS layer. 
This fraction fabs will be re-emitted at higher wavelengths (i.e. down-shifted) where the EQE of the solar 
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Fig. 2. (a) Optical processes and losses in LDS layers (b) Absorbance and photoluminescence spectra of CdSe/ZnS nanocrystals and 
the EQE spectra of an EVA-covered c-Si solar cell. 
cell without LDS layer, EQEref , is higher. The effect of this shift can be calculated using the measured 
photoluminescence intensity PL(λ’) as a probability (i.e. ³ PL(λ’) dλ’ = 1) for the emission of a photon at 
a certain wavelength λ’ and the EQE of the solar cell at this wavelength λ’. Note that we introduce an 
LDS efficiency later to include imperfect luminescent quantum yields < 1. To account for the non-
monochromatic characteristics of the photoluminescence intensity, we integrate over the whole emission 
wavelength range, ³ PL(λ’)⋅EQEref (λ’) dλ’. 
All photons not absorbed by the LDS layer will be transmitted without a change of wavelength: 
ftrans (λ , Λabs )  =  φtrans (λ) / φAM1.5G (λ)=  1 – fabs (λ , Λabs )  (2) 
This wavelength-dependent transmitted fraction has to be weighted with the EQE of the solar cell at 
the corresponding wavelength. By summing both possible pathways we can derive the external quantum 
efficiency of the solar module with the LDS layer on top: 
EQELDS (λ)  = fabs (λ , Λabs ) ⋅ ηLDS ⋅ ³ PL(λ’)⋅ EQEref (λ’) dλ’    +   ftrans (λ , Λabs ) ⋅ EQEref (λ) (3) 
Here ηLDS denotes the efficiency of the LDS layer, i.e. the fraction of the photon flux density that is 
down-shifted and enters the solar cell relative to the photon flux density absorbed by the LDS layer. All 
possible losses, such as an imperfect quantum yield of the luminescent particles, front and side escape 
losses, are lumped into this parameter. For simplicity and clarity, ηLDS is assumed to be independent of 
wavelength yielding good agreement with our experiments. Nevertheless, wavelength-dependence can 
easily be implemented in the model, e.g. to account for the decreased ηLDS in the wavelength region 
where re-absorption occurs. 
The described model needs three inputs: (i) photoluminescence- and (ii) absorbance spectra of the LDS 
layer and (iii) the EQE spectrum of the underlying solar cell (EQEref). The EQE of the solar module in-
cluding the LDS layer (EQELDS) is thus fully described by only two parameters: the LDS efficiency ηLDS 
and the absorbance scaling factor Λabs. 
3. Experimental Results and Discussion 
In order to validate our model, we prepared three samples: an EVA-encapsulated Si solar cell as a ref-
erence cell and two test cells where 1 mg/ml and 5 mg/ml CdSe/ZnS in toluene were drop casted on top 
of the EVA  for  the  samples  LDS #1 and LDS #2, respectively.  The resulting EQE measurements were 
normalized to account for small deviations due to reflection at air bubbles in the EVA layers or slight dif- 
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Fig. 3. (a) Normalized experimental and simulated EQE spectra of the reference cell and the two LDS-cells showing perfect agree-
ment between measurement and theory. Comparing the LDS-cells to the reference cell shows improved EQE of up to 12 % absolute 
(b) and 700 % relative (c) in the UV spectral region (dashed lines are guides for the eye). However, due to low LDS efficiency, the 
EQE in the VIS range and overall short-circuit current density is decreased.  
ferences in the local solar cell response. Fig. 3. (a) shows an increase of the EQE in the UV-blue spectral 
region of both test samples compared to the reference cell, depicted in Fig. 3. (b) as an absolute EQE in-
crease by up to + 12 % and Fig. 3. (c) as a relative increase by up to  700 %. However, the EQE clearly 
decreases in the visible region leading to an overall decrease in the short-circuit current density of - 3.8 % 
and - 12.4 % for LDS #1 and LDS #2, respectively. 
In Fig. 3. (a), excellent agreement is obtained of simulated EQE spectra (solid lines, according to 
eqs. (1) – (3)) and the measured values (open symbols). The extracted fitting parameters yield physically 
meaningful results: the absorbance scaling factor increases with increasing luminescent particle concen-
tration from 1.1 to 4.4 for LDS #1 and LDS #2, respectively. The relatively low LDS efficiency of 0.16 
for both LDS samples is explained by isotropic emission (0.5) multiplied by luminescent quantum yields 
of 0.3 – 0.5 [5] which gives ηLDS values of 0.15 – 0.25. We note that a wavelength-independent ηLDS is 
sufficient for fitting our data, but wavelength-dependence could easily be implemented. Using our model 
and the EQE of the reference cell plus the absorbance and photoluminescence data of CdSe/ZnS 
nanocrystals, we simulate the change of short-circuit current density JSC for various LDS efficiencies and 
absorbance scaling factors as shown in Fig. 4. The positions of LDS #1 and LDS #2 are marked and clar-
ify the decrease of JSC seen experimentally: relatively high values of ηLDS > 0.8 are needed to improve JSC. 
The maximum possible increase of JSC as shown Fig. 4 (b) is + 3.4 % for ηLDS  = 1. 
Such simulations may help to gain insight on the LDS processes and to assess candidate luminescent 
materials for solar cells. To improve a solar cell’s blue response and its overall efficiency, an enhance-
ment of ηLDS is needed, e.g., by embedding the luminescent particles inside the EVA and thereby reduc-
ing the front escape loss and using high quantum-yield phosphors. 
4. Conclusion 
We propose a simple, universally applicable, optical model to explain EQE spectra of solar cells with 
luminescent down-shifting (LDS) layers using only two physically meaningful fitting parameters. The 
model yields excellent agreement with the experimental EQE curves measured on EVA-covered c-Si so-
lar cells with CdSe/ZnS nanocrystal LDS layers. The EQE increase of up to + 12 % absolute in the UV-
blue region and the EQE decrease of up to - 45 % in the visible region is explained by a low LDS effi-
ciency that can be improved by embedding the luminescent particles inside the EVA encapsulation and 
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Fig. 4. Simulated relative change of JSC for an LDS layer with absorbance and photoluminescence of CdSe/ZnS nanocrystals and 
solar cell’s EQE shown in Fig. 2(b) for various LDS efficiencies and absorbance scaling factors. (a) The position of the two samples 
LDS #1 & #2 is indicated according to the fitting parameters. (b) Close-up of the region where an increase in JSC is calculated for 
ηLDS > 0.8 with a maximum relative increase of + 3.4 %. 
using high quantum -yield phosphors. For a beneficial effect in the investigated system, high LDS effi-
ciencies of more than 0.8 are needed leading to a maximum possible JSC improvement of + 3.4 %. Since 
our model can be implemented for different kinds of LDS layers and solar cells, it can be universally used 
to analyze measured EQE spectra and/or to assess luminescent materials for LDS applications. 
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